Proteolysis of colicins A, El, E2, and E3 was observed after they were added to whole cells carrying a functional ompT gene. Recombinant plasmid pMLl9 containing the ompT gene enabled two mutant strains to cleave the added colicins. On the other hand, two colicin A recombinants were split after release from the wild-type bacteria that produced them but not from ompT mutant cells.
during their release (23) . Other colicins and related bacteriocins, such as colicins A (7, 8) , El (3), Ia and Ib (2) , and cloacin DF13 (16) , are split into specific fragments when added to sensitive cells under defined conditions. This cleavage has been shown in most cases to have no relationship to colicin killing and occurs with sensitive, resistant, tolerant, and immune cells. Preparations of outer membranes from these cells led to cleavage identical to that observed with intact cells (2, 8) , indicating that the responsible protease is a protein of the outer membrane.
Recently, a protease from the outer membrane of E. coli, the ompT gene product, was extensively studied (12, 25) . It has been purified, and its primary structure has been determined (13, 26) . Various substrates besides the enterobactin receptor (FepA protein), the first described substrate (11) , have been found. The Ada protein, the UvrB protein (4, 25) , and T7 RNA polymerase (12) have been shown to be cleaved when added to intact E. coli cells or to cell extracts and not cleaved by two ompT deletion mutants. Therefore, it is of interest to know if OmpT is the enzyme involved in colicin degradation.
An E. coli mutant (called cpr) that does not mediate colicin A cleavage by either intact cells or outer membrane preparations has been isolated (7) . It has a pleiotropic phenotype and a strikingly modified outer membrane. It was compared in this study with the ompT mutant, UT5600, recently characterized.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli UT5600(pML19) (11) was a kind gift from J. Grodberg. Strain UT5600 was cured of the plasmid by repeated growth on LB plates. E. coli K-12 MC4100 and its cpr mutant have been described previously (7) . Citrobacter sp. strain CA31 was the strain used for colicin A purification; E. ccli W3110(pColEl), E. coli CA42, and E. coli CA38 were used for colicin El, colicin E2, and colicin E3 purifications. Plasmid pML19 encodes the ompT gene (12, 24) . Plasmid pColA9 contains the wild-type colicin A operon (1) . Plasmids pAT1 (6, 15) and pVC44 (5) * Corresponding author.
were constructed by creating deletions in the colicin A operon. Both contain a functional cal gene that encodes the colicin A lysis protein. Plasmids were prepared by classical methods (19) . Transformations were performed as described by Chung and Miller (9) .
Media and chemicals. Cells were grown in LB or M9 medium (19) at 37°C with shaking. Induction of the colicin A operon was done by adding mitomycin C (Sigma Chemical Co.) at 300 ng/ml to a culture in LB that had an A600 of 1. Colicin purifications were done as described previously (7) with the supernatant from centrifuged induced cultures.
Immunoblotting. Protein preparations were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described previously (1) . Proteins in unstained, unfixed gels were transferred to nitrocellulose (400 nm; Scheicher & Schuell, Inc.) in a Biolyon apparatus (Biolyon S.A.) essentially as described by Towbin et al. (27) . The blots were incubated with antibodies, and bound antibodies were detected with immunoglobins conjugated to alkaline phosphatase (Sigma). The protein bands were visualized by incubation with Nitro Blue Tetrazolium in the presence of MgCl2 and 5-bromo-4-chloro-3-indolyl-phosphate disodium salt.
Protease assay. Cells were grown in LB to the late log phase (A600 1). Samples of 1 ml were centrifuged, washed twice with 1 ml of phosphate buffer (10 mM, pH 6.8), and resuspended in 100 ,ul of the same buffer. The cell suspension (20 ,ul) was mixed with an equal volume of colicin solution in the same buffer (500 ,ug/ml) and incubated for 20 min at 37°C before centrifugation. Supematants were collected. Samples of 10 ,u1 were mixed with loading buffer, heated at 96°C, and analyzed by SDS-PAGE.
RESULTS AND DISCUSSION OmpT cleavage of colicin A added to whole cells. Cleavage of colicin A was tested with the wild-type strain E. coli K-12 MC4100, the cpr mutant derivative strain, the ompT deletion mutant UT5600, and the same strains transformed with recombinant plasmid pML19 encoding the ompT gene, as described in Materials and Methods. The cells were killed by the added colicin, as the three strains were fully sensitive to every colicin tested. However, cpr cells were at least 10 times less sensitive than were wild-type cells, as reported previously (7) . Supernatants of cells and colicin A were analyzed on a 10% SDS-polyacrylamide gel (Fig. 1 confirmation of our previous reports (7, 8) . UT5600 cells did not provoke the degradation of colicin A. The supernatant of cpr cells contained various cell proteins, as the bacteria were leaky, in contrast to the supernatant of ompT cells. The three strains transformed with pML19 were also leaky, but they were able to cleave the added colicin A at a rate far higher than was wild-type strain MC4100. Therefore, OmpT appeared to be the endoprotease responsible for colicin A cleavage. Colicin A fragments were identified by immunoblotting of the gel with two monoclonal antibodies (MAb), lCll and 9E2, which interact with the N-and C-terminal parts, respectively, of the colicin A molecule (5) . Five fragments, a, b, c, d, and e, were detected ( Fig. 1) . Fragments formed by MC4100 cells were fragment a of 32 kDa, which contained the N-terminal part of the colicin, and fragments b and c of 31 and 28 kDa, respectively, which corresponded to the C-terminal part. In samples made with MC4100(pML19) cells, fragment c was labeled with both MAb, indicating that it corresponded to two fragments of identical molecular weight arising from fragments a and b. Fragments d and e of 24 and 18 kDa, respectively, were detected with MAb lCll, indicating that they contained the N terminus of the molecule. They were faintly observed in samples from UT5600(pML19) cells but greatly represented in samples from cpr(pML19) cells. In these samples, fragment c, containing the N-terminal epitope of colicin A, was absent, suggesting that it had given rise to fragments d and e. Furthermore, these samples contained fragments of about 43 kDa that were recognized by MAb 9E2 and absent in every other sample. Therefore, cpr and UT5600 cells seemed quite different, despite the fact that neither of them cleaved colicin A except after transfection with pML19. The other cpr phenotypes were not modified after transformation with pML19: in particular, its sensitivity to phages and colicins was unchanged (cpr cells are especially resistant to phages Tula, P1, and Mu).
Immunoblotting revealed that polymeric forms of colicin A (15) could be detected with MAb lCll but not with MAb 9E2, suggesting that the C-terminal part of the molecule was masked in these structures. Some polymeric forms disappeared after incubation with pML19-containing cells.
Cleavage of colicin A under these conditions was abolished by the addition of salts (70 mM), as already reported (7, 8) . Thus, it did not occur in LB containing 0.5% NaCl. Salts affected the colicin but not the OmpT protease, as they are known to decrease the binding of colicin A to cells and as OmpT action has been reported to take place under various saline conditions (11, 12, 25, 26) .
OmpT proteolysis has been reported to take place between basic paired residues (26) . However, it now seems to be less specific than previously thought and may occur after lysine or arginine residues. Cleavage of the Ada protein by OmpT takes place between lysine and glutamine (25) . In the colicin A sequence (21) , there is only one pair of basic residues, lysine-arginine (225 and 226), but there are two lysine-glutamine pairs (258 and 259; 309 and 310) and five arginine-glutamine pairs (188 and 189; 373 and 374; 375 and 376; 382 and 383; and 384 and 385). These sites could be involved in colicin A cleavage by OmpT, as shown in Fig. 1 in samples from MC4100(pML19) and UT5600(pML19) cells.
Colicins E2 and E3 were cleaved by wild-type and cpr cells but not by ompT cells (Fig. 3) . The fragments obtained were identified after analysis on a 13% SDS-polyacrylamide gel and immunoblotting of the gel with a rabbit anti-colicin E2 serum, since both colicins share common antigenicity (22) Colicin E2 (61 kDa) and colicin E3 (58 kDa) gave rise to fragments of approximately 42, 37, 29, 23, 20, and 18 kDa. A fragment from colicin E2 of 11 kDa produced by all the pML19-transformed cells was detected by immunoblotting and not by Coomassie blue staining. The 18-kDa fragments of neither colicin E2 nor colicin E3 were obtained with cpr cells and were only weakly produced by cpr(pML19) cells. Furthermore, cpr cells provoked the formation of a 33-kDa fragment from colicin E3 that was absent from cpr(pML19) cells. Colicins E2 and E3 are oligomeric molecules composed of the molecule of colicin combined with the immunity protein (10 kDa). The immunity protein was not cleaved. This immunity protein could be removed after urea treatment followed by chromatography. Colicin E2 not bound to its immunity protein was cleaved by MC4100 and cpr cells but not by UT5600 cells (data not shown).
cpr cells seemed to contain a functional ompT gene, since they provoked cleavage of colicins E2 and E3 almost identical to that observed with MC4100 cells and with pML19-transformed cells. However, in addition since they are leaky, they may release another protease(s) that would change colicin E2 and E3 breakdown. They would not cleave colicin A and El, not because of the lack of the OmpT protease on their outer membrane but because of another membrane defect affecting either OmpT functioning or colicin A and El binding. As previously reported (7), the cpr mutation affects many characteristics of the cell surface. It seemed to affect OmpT expression, as observed after analysis on SDS gels of outer membrane preparations of cells carrying pML19: the OmpT level was lower in cpr cells than in wild-type cells (data not shown).
Colicin El contains in its sequence 10 pairs and 2 triplets of basic residues (28), colicin E2 contains 4 pairs and 3 triplets of basic residues (10), and colicin E3 contains 6 pairs, 1 triplet, and 2 quadruplets of basic residues (20) . Some of them could be candidates for the site of OmpT cleavage. For colicin El, either one of the two pairs of lysine in positions 63 and 64 or 469 and 470 could be involved, giving rise to the 52-kDa fragment observed.
OmpT cleavage of colicin A recombinants by producing cells. Colicins are released into the spent medium after synthesis by the producing cells without any proteolysis, since they are synthesized not as a precursor form with a col E2 E3 signal peptide to be processed but directly as a mature form. They must cross both the inner and the outer membranes. Colicin A is not cleaved in that process, but proteins AT1 and 44, two colicin A derivatives constructed by genetic engineering, are split during export (5, 6, 14) . Protein AT1 (20 kDa) contains the first 172 amino acids of colicin A extended by 8 amino acids at the C-terminal end. It is shortened by 2 kDa at the time of release and appears truncated in the medium (5, 14) . Protein 44 (34 kDa) is colicin A with a large deletion of the central domain from amino acid 70 to amino acid 370. It is released into the medium together with a fragment of 25 kDa not found in the cells (1, 6) . Proteins AT1 and 44 are encoded by plasmids pAT1 (6, 14) and pVC44 (5), respectively, plasmids related to pColA9 (1).
W3110 and UT5600 cells carrying pColA9, pAT1, or pVC44 were grown in LB and induced by mitomycin C. After 4 h of induction, samples were centrifuged and 10-,ul quantities of supernatant were analyzed on two 12.5% SDSpolyacrylamide gels, one stained with Coomassie blue and the other immunoblotted with both MAb lCll and 9E2 (Fig.  4) VOL. 172, 1990 on January 20, 2018 by guest http://jb.asm.org/
